The heavily used protein-protein docking server ClusPro performs three computational steps as follows: (1) rigid body docking, (2) RMSD based clustering of the 1000 lowest energy structures, and (3) the removal of steric clashes by energy minimization. In response to challenges encountered in recent CAPRI targets, we added three new options to ClusPro. These are (1) accounting for small angle X-ray scattering data in docking; (2) considering pairwise interaction data as restraints; and (3) enabling discrimination between biological and crystallographic dimers. In addition, we have developed an extremely fast docking algorithm based on 5D rotational manifold FFT, and an algorithm for docking flexible peptides that include known sequence motifs. We feel that these developments will further improve the utility of ClusPro. However, CAPRI emphasized several shortcomings of the current server, including the problem of selecting the right energy parameters among the five options provided, and the problem of selecting the best models among the 10 generated for each parameter set. In addition, results convinced us that further development is needed for docking homology models. Finally, we discuss the difficulties we have encountered when attempting to develop a refinement algorithm that would be computationally efficient enough for inclusion in a heavily used server.
INTRODUCTION
The protein-protein docking server ClusPro performs three computational steps as follows: (1) rigid body docking by sampling billions of conformations, (2) RMSDbased clustering of the 1000 lowest energy structures generated to find the largest clusters that will represent the most likely models of the complex, and (3) removal of steric clashes using energy minimization. The server was introduced in 2004, 1,2 but at that time we did not have our own docking program, and used two of the best programs available, DOT by the Ten Eyck group 3 and ZDOCK 4 by the Weng lab. 4 We considered the 20,000 lowest energy structures generated by DOT, and re-scored the conformations to retain 1500 structures with the best electrostatic energies and 500 structures with the best desolvation energies. 1,2 root mean-square deviation (IRMSD) values using 9 Å as the clustering radius, and selecting the centers of the most populated low energy clusters as the models of the complex. 5 The biophysical meaning of clustering is isolating low energy basins of the energy landscape that are both deep and broad. 6 More recently we have shown that the size of each cluster is proportional to its probability, and hence retaining the largest clusters we can capture the most likely states of the associating proteins. 7 Selecting models based on clustering rather than simply considering the lowest energy conformations remains an important part of the ClusPro server. While model selection based on cluster size is not widely adopted by the docking community, we note that a similar clustering step was implemented in the protein structure prediction program Rosetta. 8 ClusPro was the only automated docking server in rounds 3-5 of CAPRI. 9 It produced the 9 th best results among all predictor groups, 9 and we have been participating in CAPRI ever since. [10] [11] [12] In 2006, we introduced PIPER, 13 an FFT-based docking program that was able to include a pairwise potential as part of its scoring function. The pairwise potential was based on the approach called DARS (Decoys As the Reference State). 14 The novelty of DARS was that we generated a large decoy set of docked conformations using only shape complementarity as the scoring function (i.e., without any account for the atom types), and used the frequencies of interacting atom pairs in these decoy structures as the reference state. Thus, developing the potential we compared the frequency of contacts between two specific atom types in X-ray structures of protein complexes to the frequency of contacts in the decoys that are devoid of specific interactions. PIPER with DARS was implemented in the new server ClusPro 2.0, which clusters the top 1000 structures without any filtering. 15 The server substantially increased the number of near-native complex structures found for enzymeinhibitor and "others" type of complexes in the protein benchmark set, but results for antibody-antigen pairs remained much poorer. 13 However, in 2012 we have introduced a special DARS-type potential for this type of interactions, which provided some improvement. 16 The last CAPRI evaluation meeting in April 2016 focused on the results of rounds 28-29 and 31-35 that included targets 59-67 and 95-105, respectively. Most targets in these rounds were challenging for ClusPro, as they included 8 protein-peptide complexes, 7 complexes considered difficult, and one target classified as very difficult. In spite, or possibly because, of this high level of general difficulty, ClusPro was the best performer among servers (Table I) , and the third best overall performer in terms of the number of targets for which acceptable and better predictions were submitted (Table II, note that for  2016 evaluation, following official assessment, T60-T64 where counted as 3 targets). As shown in Table II , the server is almost competitive with the best human predictor groups in terms of such targets. However, the results of CAPRI also show that docking in general and ClusPro in particular need substantial further development. In fact, although CAPRI allows for the submission of 10 models, acceptable predictions have been obtained only about half of the targets.
The goal of this article is to describe three types of docking related problems. First, we consider the ones we have solved by developing new algorithms. Three of these algorithms have already been implemented as new options in ClusPro, and the remaining two will be added to the server in the near future. Second, we discuss problems that are difficult and still need further work, and finally problems that so far we have failed to solve in spite of substantial efforts-thus, the good, the bad, and the ugly. All work described here has been done during the last year, and was heavily influenced by the challenges posed by CAPRI targets. Unfortunately, in most cases the development was actually finished only after the submission deadline for the particular target, and hence some of the new methods could not be used in time. However, we show here some of the results indicating how the new methods would improve our predictions. 
RESULTS AND DISCUSSION
Accounting for small angle X-ray scattering data
Small angle X-ray scattering experiments yield a onedimensional scattering profile, containing information about the shape and size of the molecule. 17 The amount of this information is much lower than the one that can be obtained by X-ray crystallography, and on its own does not provide atom-level resolution. Rather than searching for complex structures for the best fit to SAXS data, in ClusPro we use the SAXS information as a filter, and focus on the regions of the configurational space containing the structures that are compatible with the scattering results, but otherwise perform docking as usual. 18 This approach has the advantage that we avoid "overfitting" to the SAXS data, and hence the docking results will not get worse even in cases where the SAXS experiment provides very limited additional information. The use of SAXS experimental data as restraints has been already added as an advanced option to the server. 18 The development of a method to account for SAXS data was directly motivated by target 58 in Round 27 of CAPRI. The challenge was determining the complex between the salmon cold-active goose-type lysozyme and the Escherichia coli PliG lysozyme inhibitor by constructing and docking a homology model of the lysozyme. SAXS data on the complex were provided to facilitate the docking. 19 At the time of the challenge, we did not have the SAXS option. In addition, we selected a nonoptimal template, and had no acceptable solutions for this target. Later we understood that, in spite of the moderate sequence identity of 57.8%, the best template to obtain correct conformation of a loop of the salmon lysozyme, interacting with the inhibitor, was the structure of black swan goose lysozyme (PDB ID 1GBS), and built the model using the MODELLER v9.0 20 program based on this template. Aromatic residues (Tyr, Phe, and Trp) that were not present in the template were placed in the most probable non-clashing rotamer positions. Other side chains that were not present in the template were not modeled, since placing them generally does not improve docking results. Docking to the resulting homology model ClusPro provided a near-native model even without the use of the SAXS restraints, but it was the center of the sixth largest cluster. Essentially the same near-native model was obtained when accounting for the SAXS data (see cyan cartoon in Fig. 1 ), but now it was the center of the third largest cluster. The X-ray Docking the Escherichia coli PliG lysozyme inhibitor to a homology model of the salmon goose-type lysozyme using SAXS data as restraints as given in Target 58 of Round 27 of CAPRI. A near-native model (shown as cyan cartoon) was obtained as the center of the third largest cluster. The X-ray structures of the bound ligand and the receptor are shown, respectively, as orange cartoon and gray surface.
structures of the bound ligand and the receptor in the complex (PDB ID 4G9S) are shown, respectively, as orange cartoon and gray surface in Figure 1 .
Accounting for pairwise distance restraints
The second enhancement, added to ClusPro in 2016, was the option of considering pairwise interaction data as restraints. 21 This was an important but challenging development. Such pairwise restraints can be derived, for example, from NMR Nuclear Overhauser Effect (NOE) experiments or by chemical crosslinking, and it is clear that accounting for them is needed in many applications. Docking with pairwise distance restraints is fundamental to HADDOCK, 22 a heavily used protein-protein docking server. HADDOCK represents pairwise restraints by additional terms in its scoring function. However, this approach is computationally very inefficient with the fast Fourier transform (FFT) correlation approach used by PIPER. The problem is that each pairwise restraint in the scoring function requires a new correlation function term, and thus an additional Fourier transform, thereby reducing the numerical efficiency of the method. Since PIPER globally and systematically samples the entire conformational space of two interacting proteins on a dense grid, we accounted for restraints directly by selecting low energy solutions that also satisfy the restraints, rather than considering additional terms in the scoring function. 21 Thus, similarly to using SAXS restraints, the scoring function is not affected, and hence the server can also be used with restraints that provide very limited information. Accounting for restraints was added to ClusPro as an advanced option.
Considering pairwise interactions was motivated by CAPRI target 95, which required docking the PRC1 ubiquitylation module to the nucleosome. The nucleosome is a large complex of 8 protein chains with a total of 751 amino acid residues, plus two DNA chains with 145 nucleotides each. 23 The docking of PRC1 ubiquitylation module, which itself is a complex of three chains with 359 residues, is clearly a very difficult problem, and ClusPro did not produce any acceptable submission. However, evidence available from the literature provided pairwise distance restraints that we have later used to facilitate the docking. 21 Catalytic competency of the PRC1 requires an interaction between Lys119 of the nucleosome histone H2A and Cys85 of the UbcH5c subunit of the PRC1 ubiquitylation module, resulting in a distance restraint that had to be satisfied between these two residues. 24 The required range, 0-8 Å , was fairly large, because these residues were located in flexible tail regions of the proteins. In addition, known mutation data suggested that Lys97 and Arg98 of PRC1 interact with the histone in the nucleosome, resulting in a second restraint group with multiple restraints, from Lys97 to the set of surface residues on the histone. In this second group we only required one of the restraints to be satisfied, since we did not know which of the residues on the surface of the histone interacted with Lys97. The best structure without restraints had the IRMSD of 38.68 Å , whereas docking using this restraint set produced a near-native cluster ranked 2 with the IRMSD of 4.53 Å (Fig. 2) .
Discrimination between biological and crystallographic homo-oligomers
The third problem we have recently considered is related to the recent CAPRI-CASP challenges that required the predictions of homodimers of protein chains that could be modeled using templates from the Protein Data Bank. Results summarized by Lensink et al. 25 showed that the prediction of homodimer assemblies by homology modeling techniques and docking calculations was quite successful for targets featuring large enough subunit interfaces resulting in stable associations. However, targets with ambiguous or inaccurate oligomeric state assignments, often featuring crystal contact-sized interfaces, represented a confounding factor. For those, a much poorer prediction performance was achieved, while nonetheless often providing helpful clues on the correct oligomeric state of the protein. In complete agreement with this observation we have added the option of discriminating between biological and crystallographic dimers to ClusPro. 26 The method is based on docking the protein (one subunit of the dimer) to itself to exhaustively sample the interaction energy landscape. If a substantial number of low energy docked poses cluster in a narrow vicinity of the structure of the dimer, then one can assume that there is a well-defined free energy basin around the native state, which makes the interaction stable, and the dimer is most likely biological. In contrast, if the interaction sites in the docked poses do not form a large enough cluster around the native structure, then it is unlikely that the subunits form a stable biological dimer, and we most likely have a crystallographic dimer. The number of near-native structures is used to estimate the probability of a dimer being biological. Currently ClusPro examines only the stability of a given interface rather than generating all putative quaternary structures as accomplished by the PISA 27 and EPPIC 28 servers. Thus, unless already in the PDB file, the symmetry mates have to be generated, which can be accomplished using, for example, PISA or the appropriate tools in PyMOL. However, the dimer classification option complements the information provided by PISA 27 and EPPIC, 28 which is particularly useful when results from the two established servers contradict to each other. Table III shows author determined and predicted oligomeric states of the targets in CAPRI Round 30 that have now structures in PDB and have been considered "easy" by Lensink et al. 25 As shown, for all these targets the predictions by both PISA and EPPIC agree well with the author's assignment. Notice that T79 has no author assigned state and the PISA prediction is uncertain as suggested by the server. 27 In the case of EPPIC, we adopt "bio" and "xtal" to denote biological and crystallographic association as used by the server, 28 and thus all targets are considered biological. The last column in Table III shows that that the probability of forming a biological dimer, as predicted by ClusPro, is larger than 50% for all these targets. No attempts have been made here to study whether the dimers further dimerize, resulting in tetramers.
As noted by Lensink et al. some other targets were difficult or problematic. PDB structures are now available for six of these targets, and their more detailed analyses are reported in Table IV . The main problem with T68 (T0759) was that the crystal structure contains an artificial N-terminal peptide representing a His-tag that was used for protein purification. 25 The N-terminal segments of neighboring subunits, which contain the artificial peptide, associate to form the largest interface between the subunits in the crystal (1150 Å ). With this peptide as part of the structure, ClusPro predicts that forming a biological dimer has 81% probability, although both PISA and EPPIC consider the protein to be monomeric.
However, without the His-tag, the ClusPro predicted probability of biological association is <50% for all interfaces, in agreement with the other two methods. T70 is a dimer by the author, but a tetramer by PISA, and analysis of all interfaces using ClusPro confirms this latter assignment. 26 Target T72 is a dimer by both the authors and PISA but a monomer by EPPIC, and CluPro predicts that the protein forms a weak dimer (59% probability of being biological). Finally, ClusPro shows that targets T74, T77, and T86 are actually monomers, contradicting to the predictions by PISA, but in agreement with EPPIC predictions. These last cases emphasize that to have a third prediction method, in addition to PISA and EPPIC, can be very useful.
The good: two additional problems we have solved
The fourth development, already published but not yet implemented in ClusPro, is a new algorithm and software to perform docking by employing fast generalized Fourier transforms on 5D rotational manifolds. 29 While we started to work on such algorithms several years ago, 30 the need for further speed-up of the FFT-based docking was emphasized in this round of CAPRI, since several targets, including T59, involved docking of ensembles of structures obtained by Nuclear Magnetic Resonance (NMR). Dealing with such ensembles may require docking hundreds of multiple rigid body conformations, which significantly increases the computational costs of the docking, and would make server submissions within 48 h extremely difficult. The new algorithm, based on generalizing the FFT correlation approach to the rotational group, is an order of magnitude faster than the classical Cartesian FFT approach implemented in PIPER, while providing very similar accuracy. 29 An additional and very significant advantage of the generalized FFT approach is that adding extra correlation function terms to the energy function leads only to very minor increases in the computational efforts required. The new approach will be soon added to the server.
The fifth development we have completed but neither published nor added to ClusPro is the docking of flexible peptides to proteins. As mentioned, in latest rounds of CAPRI several targets required this type of calculation, leading to novel methodology based on the observation that we usually dock peptides that contain a sequence motif-that is, a sequence of amino acids that frequently occur in protein-peptide interactions. For example, SH3 domains typically recognize proline-rich PXXP peptides, where P is fixed as the amino acid proline and X represents any amino acid. The key idea of the new algorithm is that protein fragments that include such a frequently occurring sequence motif also have some recurrent structure, and hence extracting and clustering fragments from the PDB with the motif provides a limited number of putative peptide structures in their protein environments. Given a specific target protein, the most likely structure and location can be relatively well identified by docking the extracted structures to the target protein. The method has been validated by applications to the established benchmark sets of protein-peptide interactions, 31 and will be soon available as part of ClusPro.
The bad: difficult problems that need solution
Here we describe three problems that were extensively studied during the last year, but are not yet solved, in spite of some progress. The first problem is selecting the relative weights of the different contributions to the energy expression used as the scoring function in docking. The PIPER interaction energy between two proteins is given by the expression of the form E 5 w 1 E rep 1 w 2 E attr 1 w 3 E elec 1 w 4 E DARS , where E rep and E attr denote the repulsive and attractive contributions to the van der Waals interaction energy, and E elec is an electrostatic energy term. E DARS is the DARS 14 potential that primarily represents desolvation contributions 13 , and the coefficients w 1 , w 2 , w 3 , and w 4 define the weights of the corresponding terms. After some trial and error, we decided that by default ClusPro generates four sets of models using four different sets of energy coefficients that we call (1) balanced, (2) electrostatic-favored, (3) hydrophobic-favored, and (4) van der Waals 1 electrostatics. The balanced option works generally well for enzyme-inhibitor complexes, whereas options (2) and (3) are suggested for complexes where the association is primarily driven by electrostatic and hydrophobic interactions, respectively. The fourth option, van der Waals 1 electrostatics, means that w 4 5 0, that is, assumes that using the DARS potential, parameterized on a particular set of complexes, would make the predictions worse. We also have a fifth option that generates structures using three different coefficient sets and retains 500 conformations from each docking calculation to give 1500 conformations. This last option generally improves results for complexes that are in the "others" category of the protein docking benchmark set. 32-35 Docking of the protein pairs in the protein-protein benchmark 32-35 has shown that none of the above generic sets of weights works well for every protein, and the number of near-native structures generated substantially depends on selecting the right parameters. However, the server is currently unable to perform automated selection of the best scoring function, and we leave the task to the user, who may or may not have information facilitating such decision, Thus, a well-defined challenge calls for the development of criteria that, based on the properties of interacting protein, would be able to suggest the most appropriate values of energy parameters. It is not clear how to solve this problem, and we envision the use of machine learning approaches. Another possibility is using adaptive docking that changes the weighting coefficients based on the outcome of an initial docking that provides information on the properties of the putative interface.
The second problem we have extensively studied is finding the models closest to the native structure among the many generated by the docking. After selecting the energy coefficients, ClusPro users face the problem of selecting one of the 10 (or up to 30, if required) models, each represented by the center of a highly populated cluster of low energy conformations. The problem of selecting the right cluster and thus the most likely docked structure is not yet solved. Fortunately many users of the server were able to reduce this uncertainty. Survey of the >400 articles that discuss models generated by ClusPro shows that in many applications the models were validated by experimental techniques, including site-directed mutagenesis with NMR, calorimetry, FRET, or surface plasmon resonance, cross-linking, various spectroscopic methods, X-ray scattering, electron selfexchange reaction, radiolytic protein footprinting with mass spectrometry, hydrogen/deuterium exchange, or intermolecular Nuclear Overhauser Effect restraints.
Nevertheless, it would be desirable to provide computational tools for the selection of the clusters that are most likely near-native.
The third problem we have studied is the docking of homology models. A number of latest CAPRI targets required the docking of such models rather than separately crystallized components of the complex. Success in these cases strongly depends on the choice of the template and on the method of homology modeling. Examples included targets 96 and 97, in which the challenge was predicting the interaction of eGFP with two different artificial alpha repeat proteins. Although the sequence identity of the proteins to a known template was very high (80%), ClusPro was able to obtain acceptable quality model only for T96 but not for T97. This led us to realization that we have to develop special approaches to the docking of models. In consultation with CAPRI community, we have developed a web-based tool that generalizes the protein docking benchmark 32-35 by including the need for homology modeling. Accordingly, the new benchmark provides lists of potential template structures that can be used to model the component proteins of the complexes in the benchmark set. 36 If desired, the user can exclude the templates that could be used to obtain the entire complex by template-based docking, since such templates were generally not available for the CAPRI targets.
The ugly: problems we failed to solve
As shown in the last column of Table II , the main difference between the results by ClusPro and the best human predictor groups in the latest rounds of CAPRI is that while the server obtained almost the same number of acceptable predictions, it produced no high accuracy and much fewer medium accuracy submissions. Thus, in many cases the server was able to identify near-native clusters within 10 Å IRMSD, but was not able to move these solutions closer to the X-ray structure. This is not surprising, since apart from local energy minimization to remove steric clashes, ClusPro does not have a refinement stage. In fact, we were not able to find an effective and computationally efficient refinement tool to include as part of our heavily used server. This is not for the lack of trying: during the last two years we have developed and tested several refinement algorithms. In terms of computational efficiency, the most promising approach was local resampling of near-native clusters on a denser grid. 37 The method has been tested on 49 complexes using structures obtained by docking unbound protein pairs. The resampling increased the number of nearnative structures for 31 of the 49 complexes, in 19 cases by >50%, whereas the number of near-native structures substantially decreased only in 5 cases. 37 Since we generally had more near-native structures than in the initial docking, we clustered these with a smaller clustering radius, and expected to find some cluster centers closer to the native structure. However, this was the case only for a few of the proteins studied, and generally the distances of clusters centers from the X-ray structure did not substantially change. Due to the failure of refinement by resampling, we focused our efforts on the established Monte Carlo minimization (MCM) approach. Earlier we have employed MCM for eliminating about half of the non-native clusters in an approach we called stability analysis, 38 but the simulations were computationally too expensive to be used in a server for refinement. Therefore, our primary goal was to increase the efficiency of the MCM method, which was achieved by introducing three algorithmic innovations. First, we have developed a novel distributed algorithm for adjusting side-chain conformations in the MCM steps. 39 Second, we have used a pre-calculated structure-dependent rotamer library that had relatively few rotamers for most side chains. 40 Third, we have developed a manifold based local energy minimization algorithm. 41 The method was based on a new representation of the search space, and increased the efficiency of local energy minimization within the steps of the MCM method. 41 These innovations enabled us to test refinement by MCM for a substantial number of complexes. 39 Unfortunately we have found the refinement algorithm not very useful. The IRMSD from the X-ray structure generally improved for complexes that already had low IRMSD cluster centers. However, no improvement was observed for complexes that had no near-native clusters to begin with. The results in Table II clearly show this shortcoming. The three medium accuracy structures provided by ClusPro were refined to high accuracy by our "human" predictor team using the refinement algorithm, and two of the acceptable models were refined to medium accuracy (although for one target we lost the acceptable prediction due to "human" error). However, the refinement did not yield any acceptable model for targets that had no acceptable ClusPro results. We have determined that the main determinant of successful refinement has been whether the scoring function worked for the particular complex: if the energy function had false positive minima with lower energy than the minima around the native structure, then no refinement was able to improve the conformations. Refining already good accuracy predictions provided limited gain, and considering the high computational costs, we decided not to add a refinement stage to the ClusPro server apart from the local minimization of the Charmm energy. While the energy minimization removes steric clashes, it does not change the IRMSD to any noticeable degree.
CONCLUSIONS
Our protein-protein docking server ClusPro has been used by the research community beyond our wildest expectations. By June 2016, the server had >17,000 users (among them >7000 registered, which is not required), and completed >172,000 docking calculations, currently adding about 3000 per month. Models built by ClusPro have been reported in >400 publications. These statistics demonstrate that there is definitive need for protein-protein docking. Here we describe successful, as well as less successful, recent developments toward improving the server that were largely motivated by the challenges we have encountered when working on CAPRI targets. Successful development resulted in three options that were not previously available in ClusPro. These are (1) accounting for SAXS data in docking; (2) the option of considering pairwise interaction data as restraints; and (3) enabling discrimination between biological and crystallographic dimers. In addition, we have developed an extremely fast docking algorithm based on 5D rotational manifold FFT, and an algorithm for docking flexible peptides that include known sequence motifs. The two new algorithms will also be part of the server. We feel that all these developments will further improve the utility of ClusPro. However, CAPRI also emphasized several shortcomings of the current server. In particular, we describe the problem of selecting the right energy parameters among the five options provided by ClusPro, and the problem of selecting the best models among the 10 generated for each of the five parameter sets. In addition, the results convinced us that we need specialized tools for docking homology models, and constructed a benchmark set to promote the development of such tools. Finally, we described our efforts toward developing a refinement algorithm that would be computationally efficient enough for inclusion in a heavily used server, and recognize that so far this problem remains unsolved, reducing the server's ability of producing high or medium accuracy predictions. Nevertheless, as shown in this article, in the server category ClusPro achieved the best performance for all the last three CAPRI evaluation meetings, and was getting close to the performance of the best human groups. While acceptable or better solutions were submitted only about half of the targets, this indicates that the rigid body assumption is adequate for a large fraction of proteins, and that the global systematic search is very useful if no information on the interaction site can be used. We are also convinced that model selection based on the size of low energy clusters rather than based on energy values improves docking results and provides added robustness to the method.
